Objective: The delayed phase of ventricular arrhythmias during acute ischemia (phase-1b arrhythmia) is associated with depletion of catecholamines and cell-to-cell uncoupling between depressed depolarized intramural ischemic region and surviving cells in subepicardium and subendocardium. In the present study we determined the effects of uncoupling and catecholamines on development of proarrhythmic afterdepolarizations. Methods: Depressed depolarized ischemic region was simulated by a passive electronic circuit with a potential of 273, 253, 233 or 213 mV. Using patch-clamp methodology, single sheep Purkinje and ventricular cells were coupled to the simulated ischemic region via a variable conductance. By varying coupling conductance, we were able to selectively study the effects of various degrees of uncoupling. Results: At strong coupling, cells were inexcitable and depolarized to potentials near those of the simulated ischemic region. Excitability, action potential duration and resting potential increased with progressive uncoupling. In a critical range of uncoupling, ventricular and 'high-plateau' Purkinje cells developed early afterdepolarizations when the potential of the simulated ischemic region was 213 mV. Norepinephrine (1 mM) frequently induced early and delayed afterdepolarizations in both ventricular and Purkinje cells, but these afterdepolarizations were only present during uncoupling when the potential of the simulated ischemic region was 233 mV or more positive. Conclusions: In a critical range of uncoupling, afterdepolarizations were present when the potential of the simulated ischemic region was 233 or 213 mV, suggesting that triggered activity plays a role in phase-1b arrhythmias when surviving layers uncouple from a highly depolarized intramural ischemic region. © 2001 Elsevier Science B. V. All rights reserved. two distinct phases, which are separated by a period of normal sinus rhythm [3] . The early phase (phase-1a) is 1 closely related to altered K levels leading to a flow of 1. Introduction 'injury current' between normal and ischemic myocardium [4] [5] [6] . The delayed phase of arrhythmias occurring beAcute regional myocardial ischemia results in a combitween 12 and 30 min after onset of ischemia (phase-1b) is nation of ionic, metabolic, neurohumoral, and electrical associated with cell-to-cell electrical uncoupling [7] [8][9] 
lar fibrillation during ischemia was maximal during the slaughterhouse immediately after exsanguination of the initial phase of increasing tissue resistance, and decreased animals and from hearts obtained from laboratory animals after resistance exceeded 50% of the final resistance. This which were anaesthetized with intravenously injected ®ˆś uggests that a moderate cell-to-cell electrical uncoupling Nesdonal (10 mg / kg thiopental; Rhone-Merieux, Lyon, is important for the genesis of phase-1b arrhythmias.
France). Ventricular cells were isolated from hearts of Phase-1b arrhythmias are reduced by adrenergic blocanaesthetized sheep. The anaesthetized animals were handkade and depletion of catecholamines [12] [13] [14] , which are led in accordance with the institutional guidelines. Small normally released at between 15 and 20 min of ischemia aliquots of cell suspension were put in a recording [15] . This implies that the sympathetic nervous system also chamber on the stage of an inverted microscope. The cells plays a prominent role in phase-1b arrhythmias. Applicawere allowed to adhere for 5 min before starting continution of b-receptor agonists has been shown to markedly ous perfusion with Tyrode's solution (35-378C) containincrease intracellular resistance [16] , probably due to the ing (mM): 140 NaCl, 5.4 KCl, 1.8 CaCl , 1.0 MgCl , 5.5 2 2 21 synergistic effect of cAMP on the Ca -induced decrease glucose, and 5.0 HEPES; pH was adjusted to 7.4 with of gap-junction conductance [17, 18] . In addition, it is well NaOH. Only rod-shaped cells with smooth surfaces were established that catecholamines induce proarrhythmic afselected for electrophysiological measurements. terdepolarizations (for reviews see Refs. [19, 20] ).
In intact Purkinje strands of sheep, dog, and baboon, two Until now, the contribution of triggered activity to distinct types of action potential configuration are present arrhythmogenesis during acute ischemia is debated. Elec- [29] [30] [31] [32] . Single sheep Purkinje cells share the propensity trotonic influences between a normal and ischemic region for having two distinct types of action potential configurastrongly suppress the development of triggered activity tion [29] . About 50% of the single cells showed action [21] . Recently, however, it was shown in a heart cell potentials (APs) with a prominent phase-1 repolarization model study that a moderate degree of uncoupling between and relatively negative plateau ('low-plateau' Purkinje normal myocardium and a depolarized ischemic region cells), whereas the remaining single cells had little phase-1 favors both initiation of early afterdepolarizations (EADs) repolarization and relatively positive plateau ('highand their spread to neighbouring tissue [22] . This suggests plateau' Purkinje cells). In the present study, both Purkinje that EADs may be involved in arrhythmogenesis of phasecell types were used. 1b arrhythmias when a critical degree of cell-to-cell electrical uncoupling occurs.
2.2. Electrophysiological recording The present study was designed to evaluate the effects of cell-to-cell uncoupling and catecholamines on amplitude Membrane potentials and currents were recorded in the and incidence of both EADs and delayed afterdepolarizawhole-cell configuration of the patch-clamp technique. tions (DADs). Therefore, we coupled ventricular or PurPatch pipettes were pulled from borosilicate glass and their kinje myocytes to a passive electronic circuit via a variable tips were heat polished. Pipettes had resistances of 3-5 conductance, comparable to the method introduced by Tan MV when filled with the pipette solution which contained and Joyner [23] . The real myocyte represents the surviving (mM): 125 K-gluconate, 20 KCl, 10 HEPES; pH was cells during acute ischemia in either the subendocardium adjusted to 7.2 with KOH. All potentials were corrected or the subepicardium [24] [25] [26] [27] , and the electronic circuit for the estimated 13 mV change in liquid junction potential. represents the ischemic intramural region. The selected Membrane currents and potentials were filtered on-line (1 potentials of this circuit (213, 233, 253, or 273 mV) kHz), digitized at 2 kHz, stored and analyzed by CUSTOM correspond to the transmembrane voltages recorded in software. severely depressed intramural tissue [1, 28] . By changing Action potentials were elicited at 1.0 or 0.5 Hz by 2-ms the coupling conductance, we were able to selectively current pulses (20-50% suprathreshold) applied via the study the effects of alterations in cell-to-cell electrical patch pipette. Cell capacitance (C ) was determined from m coupling between the ischemic and surviving layer of cells. the change in initial slope of the potential (D(dV /dt)) in m Because catecholamines may leak out of the ischemic area response to 10-ms hyper-and depolarizing pulses of 30 or to the surrounding surviving tissue [1, 28] , the effects of 100 pA (DI ) applied during the action potential plateau. 
Cell-to-cell coupling 2. Methods
Changes in cell-to-cell coupling between the intramural 2.1. Cell preparation ischemic region and surviving cells in subendocardium or subepicardium was simulated by an experimental model Purkinje and ventricular cells were isolated from sheep system comparable to that introduced by Tan and Joyner hearts by an enzymatic dissociation procedure [29] . Pur- [23] who coupled isolated cells to a passive resistorkinje cells were isolated from hearts obtained from the capacitor circuit via a variable conductance. In our experi- potential [1] . By changing the coupling conductance, we the present study was to elucidate the effects of cell-to-cell mimicked the alterations in cell-to-cell electrical coupling uncoupling, the threshold determination at the onset of the between the ischemic and surviving layer of cells as occur experiments forced us to commence in uncoupled conduring the delayed phase of ischemia induced arrhythmias.
ditions (G 5 0 nS) and subsequently increase the coupling high-plateau Purkinje, and six low-plateau Purkinje cells at 13.5 nS, the cell developed EADs, thus establishing 13.5 0.5 Hz stimulation. In these experiments, no norepinephnS as the 'threshold conductance' for EAD initiation. The rine (NE) was added to the extracellular solution. ms, respectively, whereas RMP decreased from its control longed APs, no EADs were observed. Similar effects of value of 283 to 282, 280 and 278 mV, respectively. altered coupling were found in five other low-plateau An additional effect of altered coupling was found when Purkinje cells. V was 213 mV (Fig. 2D) . At G # 10 nS, the plateau In summary, EADs were invariably induced as a result ventricular (n57) and high-plateau Purkinje cells (n54), in low-plateau Purkinje cells (Fig. 4A, left) , but not in respectively. These EADs had a take-off potential -the high-plateau Purkinje (Fig. 4A , middle) and ventricular potential where repolarization turns into depolarizationcells (Fig. 4A, right) . In the latter cell types, however, of 22861 and 22763 mV and an amplitude of 1864 and phase-1 repolarization was increased (see also Fig. 4A , 2266 mV for ventricular and high-plateau Purkinje cells, inset). Secondly, in all cell types, NE induced EADs in respectively. The EADs disappeared when coupling con-|10% of the cells (Fig. 4B ). The EADs occurred as single ductance was higher than 54618 and 80629 nS for rather than multiple afterdepolarizations and developed at ventricular (n57) and high-plateau Purkinje cells (n54), potentials between 210 and 230 mV. The average takerespectively, indicating that in both cell types the EADs off potential and amplitude of the EADs (n56) was were present in a critical range of cell-to-cell coupling.
221.863 and 10.162 mV, respectively. Thirdly, in all cell types, NE induced DADs in |50% of the cells (Fig. 4C ).
Effects of altered coupling conductance between
In |60% of the cells showing DADs, the development of surviving and ischemic tissue in the presence of these DADs was not the end-stage. After an initial 10-20 norepinephrine DADs, the amplitude of the DADs reached excitation threshold resulting in triggered APs. Table 1 summarizes The NE level is increased in ischemic tissue during the the NE-induced effects on action potential parameters and phase of 1b arrhythmias [15] and it is postulated that it the incidence of NE-induced EADs, DADs and triggered may leak out of the ischemic area to the surrounding tissue activity. [1, 28] . Because cell-to-cell uncoupling and increase in NE level may thus occur at the same moment, we studied the effects of (1) NE on APs, and (2) (Table  First, we studied the effects of 1 mM NE on APs of 17 1). In three ventricular, one high-plateau Purkinje, and low-plateau Purkinje, 13 high-plateau Purkinje and 24 three low-plateau Purkinje cells not displaying NE-induced ventricular cells, which were stimulated at 1 Hz. In each afterdepolarizations, we studied the effects of altered cell type, NE induced a variety of effects within 3 min of coupling. The effects of various degrees of coupling in the the application (Fig. 4) . Firstly, NE induced an elevation presence of NE were similar to those in the absence of NE of the plateau phase and increased action potential duration (Figs. 2 and 3) . In ventricular myocytes, however, thres- (Fig. 5A ) or 253 mV (Fig. 5B) . However, when coupled to the model with a V of 233 (Fig. 5C ) or 213 mV (Table 1) . Therefore, we shown). These effects were consistently found in the three also tested the effects of altered coupling on these NEventricular cells tested. induced afterdepolarizations. Fig. 6 shows effects of changes in coupling on NE- Fig. 5 shows effects of changes in coupling on NEinduced DADs. DAD amplitude decreased upon coupling induced EADs. EADs were abolished when the cell was to the model with a V of 273 (Fig. 6A) ( Fig. 6B) . At relatively high coupling conductances DADs creased. Despite this decrease in DAD amplitude, DAD were almost completely abolished (traces labeled 10 and could reach excitation threshold resulting in trains of 15 nS in Fig. 6A and B, respectively). When V was triggered APs (traces labeled 24 and 6 nS in Fig. 6C and model 233 (Fig. 6C ) or 213 mV (Fig. 6D) , DAD amplitude was D, respectively). These effects were consistently found in increased at relatively low coupling conductances but the three ventricular cells tested. In agreement with these decreased when coupling conductance was further inobservations, we found that NE-induced triggered APs due cells connected by a conductance of 50 nS. In the case of the connections between large groups of cells, the interconnections might be a short bridge of cells, rather than a direct electrical connection between one cell of each group.
Discussion
The aim of the present study was to investigate the role 4.1. Effects of reducing coupling conductance between a of cell-to-cell electrical uncoupling and catecholamines in real cell and simulated depolarized ischemic tissue the generation of phase-1b arrhythmias. Using the patchclamp methodology, we studied the effects of NE on sheep During acute ischemia, the intramural ischemic region 1 ventricular cells and on the two electrophysiologically depolarizes, due to altered K levels, leading to a flow of distinct sheep Purkinje cell types, i.e. the low-plateau and current between ischemic region and surrounding, normal the high-plateau Purkinje cells. Moreover, the patch-clamp cells [4] [5] [6] . We found that when the simulated ischemic methodology enabled us to couple these three distinct region and the normal, real cell were well coupled, the cardiac cell types to a passive electronic circuit via a electrotonic interaction resulted in depolarization of the variable conductance, comparable to the method introreal cells to values near the potential of the simulated duced by Tan and Joyner [23] . The real myocyte repreischemic region, and inexcitability. Upon cell-to-cell unsented the surviving cells in either the subendocardium or coupling, however, the electrotonic load decreased and the subepicardium [24] [25] [26] [27] , whereas the electronic circuit cells regained their excitability, showing APs of short simulated the depressed intramural ischemic region with duration. When uncoupling further progressed, APs provarious degrees of resting membrane depolarization [1] .
longed and RMP increased. In a critical range of cell-toUsing this simplified representation of an ischemic cell uncoupling, these effects were accompanied by EAD myocardial region, the complex and inhomogeneous elecformation in ventricular and high-plateau Purkinje cells trophysiological and biochemical changes during acute when the simulated ischemic region had a potential of ischemia (for review, see Ref. [1] ) were eliminated. By 213 mV. changing the coupling conductance, we were able to study
The various mechanisms which have been suggested to selectively the effects of alterations in cell-to-cell coupling underlie EAD formation, share the assumption of a reducbetween a depolarized ischemic region and a normal tion in net outward current during action potential repolariregion represented by either a ventricular cells or a lowzation. The primary mechanism may be a reduction in 1 plateau or high-plateau Purkinje cell. A wide variation of repolarizing K current and prolongation or reactivation of 21 potentials of the simulated ischemic region, i.e. 213, inward Ca current [20, [36] [37] [38] . In our experiments, when 233, 253 or 273 mV, were used both in the absence and the real cell is coupled to a simulated ischemic region with presence of NE. Our study extends thus the previous a potential of 213 mV, the electrotonic load (I ) will coupling studies of Kumar and Joyner [33] and Huelsing et al. [34] be inwardly directed in the potential range of the EADs. to conditions more representing those of the delayed phase As a consequence, net outward current will be reduced, of acute regional ischemia. Kumar and Joyner [33] presence of isoproterenol to a normal polarized (280 mV) from inactivation and reactivation of the Ca channels region or to a completely depolarized (0 mV) region. may then occur, resulting in a transient depolarization Huelsing et al. [34] coupled rabbit Purkinje cells producing [36, 37] . Thus, the coupling of a myocyte to a very EADs to a normal polarized (280 mV) region and to a depolarized region (213 mV) provides the substrate for region with moderately depolarized potentials (260 and induction of EADs. Nevertheless, in low-plateau Purkinje 250 mV).
cells, EADs were not evoked by altered coupling, likely 21 The model we used can be scaled to represent the because L-type Ca current in these cells is relatively conduction between groups of cells under the conditions small [29] . In addition, the potential range of the plateau that, within each group, the cells of the group are themphase in low-plateau Purkinje cells may be more negative 21 selves well coupled to each other and essentially isopotenthan the potential range of maximum window Ca tial. That this condition is met under certain ischemic current. The first hypothesis is supported by findings of conditions is indicated by the brief duration of each Kumar and Joyner [33] . They were not able to induce component of the fractionated signals which are characEADs in guinea pig ventricular cells by coupling to a teristic of conduction in ischemic tissue, and also from region of 0 mV unless 50 nM isoproterenol, which en-21 direct microelectrode recordings of cells within the groups hances the Ca current, was applied [33] . high-plateau Purkinje cells [29] . Independently of the effect on duration and height of the action potential, results response on action potential duration, NE frequently in an increased DAD amplitude, while, when coupling to induced early and delayed afterdepolarizations in all cell 253 or 273 mV, the decreasing effect of action potential types.
shortening on DAD amplitude dominates over the increasing effect of the depolarized resting membrane potential.
Effects of reducing coupling conductance on norepinephrine-induced early afterdepolarizations
When the real cell was coupled to a simulated ischemic 4.3. Implications for phase-1B arrhythmias region with a potential positive to 233 mV, the number of EADs was enhanced. EADs were abolished when the 4.3.1. Role of Purkinje strands potential of the simulated ischemic region was negative to Subendocardial Purkinje strands adjacent to an ischemic 253 mV. This latter finding agrees with the observation by region are proposed to play an important role in the Kumar and Joyner [33] that I abolishes EADs in genesis of ventricular arrhythmias during acute myocardial coupling guinea pig ventricular myocytes when it flows from a ischemia [40, 41] . Their relatively unstable resting memnormal polarized (280 mV) region. In our experiments, brane potential [29, 42] and their relatively long APs [43] however, we additionally demonstrated that this also may predispose to the occurrence of cellular triggers for occurs when I flows from moderately depolarized arrhythmogenesis, such as EADs, DADs and automaticity coupling resting potentials, as was recently also shown by Huelsing [19, 20, 37, 38, 44] . In the present study, however, we demet al. [34] who coupled rabbit Purkinje cells producing onstrate that the incidence of afterdepolarizations in reEADs to an electronic circuit with potentials of 280, 260 sponse to cell-to cell-uncoupling and elevated NE conand 250 mV.
centration was lower in typical Purkinje cells (low-plateau The abolition of EADs can be explained by the fact that Purkinje cells) than in high-plateau Purkinje and ventricuat a model potential of 253 mV or more negative, I lar cells. Thus, our data suggests that arrhythmogenesis is coupling is outwardly directed in the potential range of window more likely to originate from ventricular and high-plateau 21 Ca current, thus increasing net outward current in this Purkinje cells than from low-plateau Purkinje cells, which range and decreasing the propensity to transient depolaragrees with findings of Janse et al. [25] , who demonstrated ization. Additionally, the action potential shortening and that destruction of the subendocardium, including the the resulting reduction in time available for reactivation of Purkinje system, does not completely abolish ectopic 21 L-type Ca channels may also play a role [20, [36] [37] [38] . impulse formation during the acute phase of ischemia. 
